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COBALT-RICH AMORPHOUS RIBBONSFOR STRAIN SENSING IN CIVIL
ENGINEERING
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Magnetoelastic properties of amorphous Co71.xFeCr7SigBis (2 < x < 12) and CozNigB2o
ribbons, prepared by the planar flow casting, were investigated. Appropriate heat treatment
was used to optimize the properties and to improve the strain sensor performance. Stress-
anneding induces hard-ribbon-axis magnetic anisotropy and regular domain structure
perpendicular to ribbon length. The magnetization reversal takes place by the moment rotation
with the hysteresis loops linear nearly up to saturation and very low coercive field. The
influence of applied stress on the domain structures, hysteresis loops and AC permeability y
was investigated. The behavior depends on the sign and magnitude of magnetostriction
constant. For As < 0 the permeability decreases with applied stress, but the domain structure
practically does not change. In materials with As > 0 the permesbility increases and above the
critica stress, where the anisotropy changes to the easy-ribbon-axis one, the longitudina
domain structure is observed and the hysteresis loops become rectangular. In low
magnetostrictive aloys (x = 2 and 4) the AC reluctivity (x*), measured at 5 kHz, is nearly
linear function of applied stress. The strain sensors based on these materials show good
linearity in a wide range of measured strain, low mechanical hysteresis and low sensitivity to
stray magnetic fields.
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1. Introduction

Metallic glasses are interesting materials for many technical applications. Magnetic softness
in combination with unique mechanica properties is particularly suitable for strain sensors [1]. The
sensitivity of magnetodastic strain sensors is thousand times higher in comparison with the resistive
(wire) gauges. Their performance is based on the change of magnetic permeability with applied stress.
Both, Ferich or Co-rich aloys with positive or negative magnetostriction, can be used for this
purpose. Very sensitive strain sensors (with the figure of merit up to 5 x 10°) were obtained using
fidd-annealed Fe-rich amorphous ribbons with a high positive magnetostriction [2]. Nevertheless,
they could be used only for smaller strains due to permeability saturation. To increase the range of
measurements, as-quenched Co-Ni based aloys with negative magnetostriction were used [3].
Application of magnetoelastic sensors for the strain and load measurements in civil constructions,
besides the high corrosion resistance, requires the small temperature coefficient and a wide range of
measurabl e strains up to 2000 ppm (microstrains). To satisfy these conditions amorphous CoFeCrSiB
aloys with higher content of Cr (7 at.%) and small magnetostriction constant were investigated in this
work.

Specia heat treatments of as-cast ribbons were used to improve the performance of srain
sensors. It is known that the best magnetod astic response is obtained if magnetization takes place by
pure moment rotations [4]. For longitudinally magnetized ribbons this condition is obtained when the
anisotropy easy axisis perpendicul ar to the ribbon length. In Co-rich amorphous alloys the transversal
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magnetic anisotropy can be induced by anneding under tensile stress [5]. It will be shown that by
stress-annealing of CoFeCrSiB dloys good materials, which can be used as yokes of inductive sensors
for strain measurementsin civil engineering, can be produced.

2. Experimental

Amorphous Co.«FeCr;SigBy4 ribbons (with x = 2, 3.3, 4, 6, 8 and 12), 6 mm wide and about
20 um thick, were prepared by the planar flow-casting. The anneaing was donein aradiation furnace
with the temperature plateau about 14 cm along its axis. For the stress-annealing a weight was applied
to one of the cold ends of the sample. A PC controlled DC hysteresis loop tracer was used for the
hysteresis |oops measurement. The loops with or without applied stress were measured on 40 cm long
straight samples with the pick-up coil 3 cmlong placed at the center of the sample.

Domain structures on the shiny sides of ribbons were observed by scanning eectron
mi croscope JEOL Superprobe JXA-733 using the type || magnetic contrast of backscattered d ectrons
[6]. The sample 7 cm long was placed in a specia holder in which the tensile stress up to 800 MPa
could be applied by means of a brass spring. No magnetic filed was applied to the sample. The sample
plane was tilted with respect to the eectron beam around the longitudinal or transversal axis so that
either longitudinal (L) or transversal (T) magnetic contrast could be observed.

Table 1. The parameters of as-quenched CoFeCrSIB amorphous ribbons (t thickness, Js
saturation polarization, J/Js remanence to saturation ratio, H coercive force, Wmagnetizing
work, As magnetostriction constant).

Composition tum [Tl I HJ[A/m]  W[ImY]  10%%
CogoFe:Cr-SigBus 197 056 032 2.9 12.4 -1.03
Cog77F€33Cr7SisB 14 217 059 0015 0.6 7.0 -0.46
Cos7Fe4Cr;SigB14 17.0 0.58 0.12 0.4 5.3 +
CogsFesCr-SigBu 221 054 012 26 22.3 +
COgsFesCr-SigBu 272 062 011 2.7 45.2 +
CosgFe1,Cr7SigBus 205 072 013 37 60.0 +

The AC permeability of 30 cm long ribbons was measured at frequency of 5 kHz ina 34 cm
long solenoid. All measurements were performed at the sine vaweform of flux density with a constant
amplitude (By,) while the gpplied stress was changed. The range of stress up to 375 MPais identical
with strain € = 2000 ppm, supposing the value of Young's modulus E = 185 GPa. Some sdected
sampl es were then used as a core of a two-coil strain sensor.

%I co, FeCrSiB

778714
04r  as-quenched

H [A/m]

Fig. 1. Hysteresis loops of as-quenched Coy,.4FeCr;SigB 14 ribbons.
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3. Magnetoelastic properties

The ribbon thickness and basic magnetic parameters of as-quenched ribbons are summarized
in tablel. Their hysteresis loops are shown in Fig.1. The loops are rounded with low remanence-to-
saturation ratio and low coercive force. This indicates that magnetization reversal is determined
mainly by local anisotropies due to inhomogeneous internal stresses. The saturation polarization Js
dlightly increases with Fe content x (see Table 1). Both the coercive force H, and the magnetizing
work W (the area above the hysteresis loop) show distinct minima close to zero magnetostriction (x =
4). The magnetostriction constant As can be estimated from the stress dependence W(g). For samples
with As > 0 W(0) rapidly decreases to 0 while for A < O it increases and becomes linear for
sufficiently high o. The negative magnetostriction constant were cal culated from the formula As = -2/3
dW/do. The vaues of As for aloys with x = 4 could not be determined in this way. The domain
structures of as-quenched ribbons show the irregular “stress-induced pattern” characteristic for low
magnetostictive amorphous ribbons. With increasing applied tensile stress the structures gradualy
change to wide stripe domains ether paralle or perpendicular to the ribbon axis, depending on the
sign of A..

Stress-anneding for 1 hour with different annealing temperatures reveal ed that 350°C was an
optimum annealing temperature for obtaining uniform transversal anisotropy without any traces of
sampl e crystallization. Then samples were stress-anneadled for 1 hour at 350°C with different applied
stress (up to 700 MPa). The anisotropy constant of induced magnetic anisotropy, with the easy plane
perpendicular to the ribbon axis, is proportiona to the stress applied during the anneding, but
practically independent of Fe content x. The domain structures of stress-anneal ed samples show wide
stripe domains perpendi cular to the ribbon axis. The domain walls usually show the zigzag structure,
typical for the easy-plane anisotropy [7]. For the dloys with x = 2 and 4 the zigzags are more
pronounced than for the ribbons with higher positive As. When stress is applied to the sample, the
domain structure changes depending on the sign and magnitude of magnetostriction constant. As is
illustrated in Fig. 2, little effect of applied tensile stress is observed in the samples with negative
magnetostriction. In the aloys with positive As the domain structure substantialy changes near some
criticd stress ¢, where the planar anisotropy changes to the uniaxial one with the easy axis along the
ribbon (Fig.3). The transversal stripe domains first change to antiparalld longitudina stripes, some of
which findly extend to a single domain with residual cigar-like domains of the opposite orientation.
Thisisin good agreement with the behavior of hysteresis|oops.

Fig. 2. Domain structures of stress-annealed CosgFe,Cr,SigB 14 ribbon (350°C/1 h./400 MPa).
a) 0=0,b) o=450 MPa (transversal contrast).
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nbbon axis.

Fig. 3. Domain structures of stress-anneal ed CossFesCr;SigB14 ribbon (350°C/1 h./300 MPa).
a) 0=0, b) o=52 MPa (left —transversal contrast, right —longitudina contrast).

The hysteresis loops of two alloys (x = 2 and 4), measured at various applied stress are shown in
Fig. 4. The loops are linear practically up to 90% of saturation magnetization and show very small
coercive force. This indicates that the magnetization reversal takes place only by magnetization
rotation. The effective anisotropy field is calculated from the formula Hx = J4 x;, where y; istheinitia
susceptibility. The slope of the hysteresis loop changes with the applied tensile stress and the
anisotropy field well satisfies the linear dependence
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Fig. 4. Effect of applied stress on hysteresis|oops of stress-anned ed CoFeCrSiB ribbons.
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where Hy, is the anisotropy field induced by stress-annealing (see Fig. 5). For As < 0 the anisotropy
fidd increases without any limit, while for As > 0 it decreases and reaches zero at the critical applied
stress g; = JH«/(34s). At this stress the transversal anisotropy changes to the longitudinal one, which
is accompanied by the change of domain structure, as described above Because stress-annealing
induces quite a large transversa anisotropy (Hyo > 0), As of stress-anneal ed samples can be cal culated
from Eq. (1). The compasitional dependence of As for the samples annealed under stress of 400 MPa
is shown in Fig. 6 together with the As < 0 values of the as-quenched ribbons. As can be seen, the
magnetostriction constant is a linear function of x. A dlight increase of A after stress-annealing is
caused by the short-range order relaxation of the amorphous structure [8].

By assuming that the transversal anisotropy ensures magneti zati on process prevailingly by the
magneti zati on rotation, the dependence of permeability obtained from Eq. (1) is given by
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Fig. 5. Effective anisotropy field as afunction of applied stress for the stress-annealed ribbons.
a) alloy with negative magnetostriction, b) aloy with positive magnetostriction.
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Fig. 6. Saturation magnetostriction constant of as-quenched and stress-annealed (350°C/1
h./400 MPa) amorphous CoFeCrSiB ribbons.
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where 1 is the permeability of vacuum. Because L is negligible with respect to the second term on
the right hand side of Eq. (2), the reluctivity () is nearly linear function of applied stress. The
measurements of AC permeability proved that the linear dependence is well fulfilled in the stress-
annealed ribbons CosgFe,Cr;SigB1s and Cos7FeCrsSigB1s. This behavior is advantageous for the

congtruction of strain sensors, where amorphous ribbon is used as the core of an induction coil.

GLUED ON 6 mm WIDE RIBBON
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60 o
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Fig. 7. Two-cail strain sensor. (Dimensions are shown in mm).

4. Strain sensor

The high strain sensitivity of permesbility and low hysteresis of stress-anneded ribbons,
provide large ,figure of merit* and a good reproducibility of strain measurements. The Co;.
«Fe.Cr;SigB14 dloys with x = 2 and 4 were tested in the prototype of two-coil strain sensor shown in
Fig. 7. The sensor is strained by means of the brass beam, which is fixed at both ends and bent by a
force applied to its center. The exciting coil is supplied by a power operationa amplifier at a
frequency of 5 kHz. Both, the waveform and the amplitude of exciting current are controlled by a
feedback loop, which ensures that the voltage U, induced in the pick-up coil remains sinusoidal and
constant when the flexure of the beam is changed. The exciting current Ig as a function of the strain
€ of the brass beam upper surface is shown in Fig. 8. The gauge ,figure of merit", defined as K =
[Al magl/ (1 mag min &max), 1S @S0 shown in the figure. Both alloys show good current-strain characteristics.
Though, the sensitivity obtained for the CogFe,Cr;SigBis dloy is smdler than that of
CosoFe,Cr7SigB14 dloy, the characteristic of the former displays much better linearity.

The disadvantage of positive magnetostriction materias is, however, that they can work only
up to the criticd strain & = a/E, which depends on the magnetostriction constant and the induced
anisotropy field Hyo.
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Fig. 8. Exciting current of the two-coil strain sensor vs. applied strain. a) material with As< 0
in the as-quenched and stress-anned ed states; b) stress-annealed material with As > 0.

5. Conclusions

The obtained results show the possibility to use the amorphous Co-rich aloys CoFeCrSiB
with low magnetostriction as potential candidates for application in civil engineering strain sensing.
The transversal magnetic anisotropy induced by stress-annealing can be used to improve the sensor
characteristics. This thermd treatment gives the possibility to use the positive magnetostriction
materials with high linearity of transfer characteristics and wide range of measured strain.
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